Malignant gliomas have a highly tumorigenic subpopulation, termed cancer stem cells (CSCs), that drives tumor formation and proliferation. CSCs possess inherent resistance mechanisms against radiation-and chemotherapy-induced cancer cell death, enabling them to survive and initiate tumor recurrence. We examined the effect of secreted frizzled-related protein 4 (sFRP4), a Wnt signaling antagonist, in chemosensitizing the glioma cell line U138MG and glioma stem cells (GSCs) enriched from U138MG to chemotherapeutics. We found that sFRP4 alone and in combination with either doxorubicin or cisplatin induced apoptosis. Proliferation decreased substantially in GSC-enriched population as measured by MTT and BrdU assays. JC-1 and caspase-3 assays demonstrated that cell death was through the apoptotic pathway. sFRP4 treatment also decreased neurosphere formation and induced neuronal differentiation. Inhibition by sFRP4 was abolished by Wnt3a, indicating that sFRP4 acts through the frizzled receptor. Further indication that sFRP4 acts through the Wnt b-catenin pathway was provided by decrease in the b-catenin protein and decrease in the b-catenin-stimulated gene cyclin D1 upon sFRP4 induction. By real-time PCR, an increase in apoptotic markers Bax and p21, a decrease in pro-proliferative marker CycD1, and a decrease in the GSC marker CD133 were observed. These observations indicate that sFRP4 is able to sensitize glioma cells and stem cells to chemotherapeutics. We thus identified for the first time that sFRP4 could help to destroy cancer stem cells of glioma cell line, which would lead to effective treatment regimen to combat brain tumors.
INTRODUCTION
Glioblastoma multiforme (GBM, grade IV of glioma) is one of the most aggressive and lethal forms of cancer having a median survival time of 15 months after diagnosis (1). The growth and progression of GBM depend on a highly tumorigenic, self-renewing population of stem/ initiating cells or glioma stem cells (GSCs) that contribute to tumor propagation and resistance to therapy. Cancer stem cells (CSCs) contribute to glioma radioresistance by an increase in DNA repair capacity through preferential activation of the DNA damage response checkpoints (2).
Wnt/b-catenin signaling plays a role in the proliferation of glioma tumor cells and tumor progression.
MATERIALS AND METHODS

Cell Culture
The U138MG grade 4 glioblastoma cell line was obtained from ATCC and cultured and maintained in DMEM/F-12 and DMEM-LG (Gibco) (1:1) containing 1× GlutaMax (Life Technologies), 10% fetal bovine serum (Hyclone), and 100 U/ml PenStrep (Life Technologies). Serum-free medium (SFM) for sphere culture was carried out in basal medium (DMEM/F-12 + DMEM-LG) with 100 U/ml PenStrep, 2 mM GlutaMAX, and containing the growth factors bFGF (20 ng/ml), EGF (20 ng/ml) (both from R&D Systems), and 1× B27 (GIBCO). All cells were cultured at 37°C in a humid incubator with 5% CO 2 .
Tumor Sphere Culture
GSC-enriched populations of cells were obtained by plating a single cell suspension of U138MG cells at 5,000 cells/ml in serum-free medium on nonadherent six-well plates (BD Biosciences) as reported by us previously (5). Briefly, cells were maintained in serum-free stem cell media (SFM) comprised of DMEM-F12 containing 20 ng/ ml each of epidermal growth factor (EGF), basic fibroblast growth factor (bFGF; R&D Systems), leukemia inhibitory factor (LIF; Chemicon), B27 (1:50; Life Technologies), and 1% penicillin-streptomycin (Life Technologies). The medium was replenished once in 2 days by centrifuging for 3 min at 450 × g at room temperature, aspirating the medium, and replacing it with fresh stem cell medium until the neurospheres were >120 μm in size as observed using an inverted phase contrast microscope (Nikon Eclipse TE 2000-S, Japan). Neurospheres were then characterized for the expression of GSC markers CD133, nestin, and ABCG2 protein using immunohistochemistry and qPCR. After identifying the enrichment of the spheres for GSC, they were used for further analysis.
Chemotherapeutic Agent and Drug Treatment
The drugs used in this study were purified sFRP4 (R&D Systems), doxorubicin (Merck), and cisplatin (Sigma). Sensitization with sFRP4 was performed by adding sFRP4 to the cell culture at various concentrations for 12 h. After sFRP4 treatment, drugs (doxorubicin or cisplatin at various concentrations) were added in fresh medium and incubated for 24 h.
sFRP4 was tested at 0, 10, 50, 75, 100, 125, 150, 200 , and 250 pg/ml for proliferation on both monolayer cells and GSC cells. The cells were chemosensitized with sFRP4 at the indicated concentrations for 12 h. They were then washed and subjected to drugs, either doxorubicin or cisplatin. Doxorubicin was tested at 25, 50, and 100 ng/ml. Cisplatin was tested at its IC 50 value of 5 μM. Wnt3a was added at 20 ng/ml. The drug treatment for the downstream analysis was optimized at 125 pg of sFRP4 for 12 h followed by 50 ng/ml of doxorubicin for 24 h. The MTT assay was used for the analysis of cellular proliferation.
MTT Assay
The TACS MTT assay kit (R&D Systems) was used according to the manufacturer's protocol to measure cell metabolic viability.
Spheres. Spheres cultured in nonadherent SFM conditions in six-well plates were transferred to a non-tissue culture-treated flat-bottomed 96-well plate. After drug treatment, MTT assay (Merck) was performed as per the manufacturer's instructions. Plates were read at 595 nm using a Victor 3 Multilabel Plate Reader (Perkin-Elmer).
Monolayers. Ten thousand cells per well were plated in a flat-bottomed 96-well plate. After 12 h, they were given a medium change, and the protein/drug was added. After drug treatment, MTT assay (Merck) was performed as per the manufacturer's instructions.
BrdU Assay
Monolayer cells were treated with sFRP4 followed by dox/cis as indicated previously. Cell proliferation was measured using the BrdU Cell Proliferation Assay Kit (Cell Signalling Tech Inc.) according to the manufacturer's protocol. Plates were read at 450 nm using Victor 3 Multilabel Plate Reader.
Caspase-3 Assay
GSCs were sensitized to sFRP4 followed by doxorubicin treatment as indicated previously. The activity of apoptosis-inducing caspase-3 was assayed using the EnzChek DEVD-CHO Caspase-3 Assay Kit (Invitrogen), which provides a fluorescent substrate R110. Intensity of the fluorescence is correlated with an increase in caspase-3 activity, and the fluorescence intensity was measured using a Victor 3 Multilabel Plate Reader at 485/535 nm (Ex/Em).
JC-1 Assay
GSCs were treated with sFRP4 followed by doxorubicin treatment as indicated previously. The MitoProbe™ JC-1 Assay Kit (Invitrogen) was used to quantify mitochondrial membrane depolarization according to manufacturer's protocol. After the drug treatment, fluorescence at 590 nm (nonapoptotic cells) and 520 nm (apoptotic cells) was measured, and a ratio of 590:520 was calculated.
Western Blot
Protein expression levels of b-catenin, the downstream and central component of Wnt signaling, were determined by Western blotting. After drug treatment, total protein in each condition was isolated in RIPA buffer (Invitrogen) sFRP4 INHIBITS GROWTH OF GLIOMA STEM CELLS 95 following the manufacturer's instructions. Western blots contained 40 μg of protein per lane on an 8% Tris-glycine SDS-polyacrylamide gel electrophoresis. Proteins were transferred to a PVDF membrane (GE, NJ, USA). Blots were blocked in PBS containing 5% nonfat dry milk powder and incubated overnight at 4°C with either anti-mouse b-catenin mAbs 1:500 dilution (R & D Systems, MN, USA) or anti-mouse actin mAbs 1:500 dilution (Millipore). Rabbit anti-mouse horse radish peroxidase-linked secondary antibodies (1:3,000) were used to bind to the primary antibody, and the blot was developed with enhanced chemiluminescence reagent (Pierce, IL) and exposed to film; the image was captured using AlphaImager (CA, USA).
Secondary Sphere Formation
Primary spheres were obtained by plating 5,000 cells/ ml in SFM conditions in ultralow adherence culture plates. On day 3, primary spheres were subjected to sensitization to sFRP4 followed by doxorubicin treatment as indicated previously. After treatment, the primary spheres from each condition were disrupted into single cell suspension, and 5,000 cells/ ml were replated for sphere formation under each condition. On day 3, the spheres were observed for morphology, total sphere were counted, number of spheres of different sizes were noted using a bright field phase contrast microscope (Nikon-Eclipse TE 2000-S), and photographs were taken using Qimaging-QICAM-fast 1394. Under 10× magnification, the diameter of each of the spheres was measured using Q-Capture software, and a reference range was set for the different sphere sizes. Large spheres (7-11 μm), medium spheres (4-7 μm), and small spheres (<4 μm) were counted for all drug treatments.
Neuronal Differentiation and Immunofluorescence
Primary spheres were generated in ultralow adherence plates cultured in SFM. On day 3, primary spheres were subjected to sensitization to sFRP4 followed by doxorubicin treatment as indicated previously. After treatment, the primary spheres from each condition were taken and placed on 1% gelatin cover slips, and a medium containing 20% FBS was added for differentiation. Morphological changes were monitored day-wise and photographed. On day 9, the coverslips were subjected to immunohistochemical analysis for differentiation with the neuronal marker b-III tubulin at 1:1,000 dilution. Nuclei were counterstained with 6-diamidino-2-phenylindole (DAPI; Vector Laboratories) and viewed using a Nikon Eclipse TE2000-U fluorescent microscope, and photographs were taken using Qimaging-QICAM-fast 1394.
Semiquantitative RT-PCR
GSCs were subjected to sensitization to sFRP4 followed by doxorubicin treatment as indicated previously, and total RNA was extracted from GSCs after treatment using the RNeasy Plus Mini kit (Qiagen) according to the manufacturer's instructions. A cDNA kit (Invitrogen) was used for RT-PCR. Glyceraldehyde-3-phosphate dehydrogenase (GAPDH) gene was amplified to serve as an internal control. The sequences of the primers, the length of predicted amplified gene fragments, and annealing conditions are shown in Table 1 . The genes were amplified for 35 cycles. Products were separated by 1.5 % agarose gel electrophoresis and detected with ethidium bromide.
Real-Time Quantitative PCR
The qualitative results of mRNA expression of drugtreated GSCs were further quantified using iQ SYBR Green Supermix (Bio-Rad, Hercules, CA) using a 7500 Real-Time PCR System (Applied Biosystems) according to manufacturer's instructions. The relative abundance of mRNAs was obtained using the comparative cycle threshold method and was normalized to the housekeeping control GAPDH.
Statistical Analysis
Data represent mean and SE from experiments done in triplicate. A two-sided Student's t test was used to determine the significance of any differences. For all statistical analyses, the level of significance was set at a probability of <0.05.
RESULTS
GSC Characterization
Neurospheres were characterized for the expression of GSC markers CD133 using immunohistochemistry, CD133, nestin, and ABCG2 by RT-PCR (Fig. 1) . The GSC-enriched cells were used for further analysis.
sFRP4 and Doxorubicin and Cisplatin Treatment Inhibited Cell Proliferation of GSCs and Non-GSCs
To study the effect of sFRP4 singly and in combination with doxorubicin, different concentrations of sFRP4 (0-200 pg) were tested with 50 ng of doxorubicin on U138MG non-GSCs and GSCs (Fig. 2a, b) . A dosedependent inhibition by sFRP4 was seen with maximum inhibition at 125 pg/ml (p < 0.01, n = 3) and 50 ng of doxorubicin. Therefore, these concentrations of sFRP4 and doxorubicin were used for all the subsequent drug combination studies. sFRP4 treatment with cisplatin (5 μM) also inhibited GSC proliferation (Fig. 2c) .
Inhibition of GSCs by sFRP4 and With Doxorubicin and Cisplatin Is Ablolished by the Addition of Wnt3a
To determine if the inhibition by sFRP4 is through the Wnt pathway, Wnt3a was added to the cocktail. We found that sFRP4-mediated inhibition, either singly or in combination with dox or cis, was prevented by Wnt3a (Fig. 2d) , thereby suggesting that sFRP4 inhibition is through the Wnt-mediated pathway. Furthermore, the central downstream activator of Wnt signaling, namely b-catenin, was significantly reduced upon sFRP4 treatment (Fig. 2e) , indicating that sFRP4 inhibition functions through the Wnt b-catenin axis.
Detection of Cell Cycle Arrest and Early Apoptotic Events Observed in sFRP4-Mediated Inhibition
The BrdU assay (quantifying the cells at the S phase of cell cycle) for GSCs treated with sFRP4, doxorubicin, sFRP4 and doxorubicin, cisplatin, and sFRP4 and cisplatin showed a decrease in the BrdU incorporation (Fig. 3a) . Significant changes (p < 0.05) were seen in both the drugs and sFRP4 combinations.
The caspase-3 activity (an indicator of early apoptosis) of GSCs indicated significant changes (p < 0.01) in the sFRP4 and doxorubicin combination treatment in comparison to the untreated cells (Fig. 3b) . The JC-1 assay demonstrated a high and statistically significant (p < 0.01) mitochondrial depolarization in sFRP4-, doxorubicin-, and combination-treated GSCs (Fig. 3c) , indicating earlystage cell death and apoptotic response to the various drug treatments. sFRP4-dox combination-treated GSCs showed the maximum depolarization. (a) Effect of sFRP4 at various concentrations with doxorubicin (50 ng/ml) and without doxorubicin on non-GSCs. A dose-dependent inhibition was observed up to 125 pg/ml. (b) Effect of sFRP4 at various concentrations on GSCs. A dose-dependent inhibition was observed up to 125 pg/ml, after which the inhibition was constant. (c) Treatment of GSCs with sFRP4 followed by drugs doxorubicin and cisplatin. Combination treatment with both drugs was more effective than sFRP4 alone or drug alone. (d) Effect of Wnt on sFRP4-mediated inhibition. Inhibition was reversed on the addition of Wnt to both sFRP4 alone and in combination with drugs, thereby showing that inhibition is mediated through the Wnt-Fzd pathway. (e) Expression of b-catenin protein in drug-treated GSCs. By Western blot analysis, it is seen that b-catenin decreases significantly upon sFRP4 and doxorubicin treatment and is least expressed in combination treatment. Data are the mean ± SD of two independent treatments that were performed in triplicate (*p < 0.01, n = 3).
sFRP4 and Doxorubicin Treatment Reduces the Ability of GSCs to Form Tumor Spheres
Secondary sphere formation of GSCs is indicative of their CSC nature and retention of their stemness. After treatment of GSC spheres with the four-drug combinations, they were analyzed for their ability to form secondary spheres. It was observed that the overall number of spheres formed decreased progressively in the sFRP4-, doxorubicin-, and combination-treated GSCs, with the latter having the least number of spheres (Fig. 4a) . Furthermore, the size and quality of the spheres also followed the same pattern as the sphere number, and the largest spheres (7-11 μm) were observed mostly only in the untreated and, to a lesser extent, in the sFRP4-treated GSCs. Conversely, smallest spheres were the most abundant in the combination-treated spheres (Fig. 4a, b) .
Proliferation of GSCs Is Reduced and Neuronal Differentiation of GSCs Is Induced by sFRP4 and Doxorubicin Treatment
To evaluate the differentiation ability of spheres into the neuronal lineage after treatment, the spheres were grown in a differentiation medium for 9 days. On day 2, the cells started migrating out of the spheres, and differentiation was evident by day 5. The cells proliferated rapidly out of the spheres in untreated and sFRP4-treated cells, whereas maximum inhibition was seen in combination-treated spheres (Fig. 4c) . Differentiation into the Figure 3 . Mechanism of sFRP4 induced cell death on GSCs. Untreated (U), sFRP4 treated (S), doxorubicin (D), sFRP4 + doxorubicin (S+D), cisplatin (C), sFRP4 + cisplatin (S+C). (a) A BrdU assay to assess GSC proliferation after sensitizing with sFRP4 and subsequent treatment with doxorubicin and cisplatin showed that sFRP4 sensitized GSCs to a higher inhibition with the drugs. (b) Caspase activation by sFRP4 and sFRP4 + doxorubicin-caspase activity was measured in GSCs following drug treatment, and it was seen that apoptosis-mediated caspase-3 activity increased significantly in doxorubicin-and combination-treated GSCs. Data are presented as fold increase in fluorescence as measured relative to untreated cultures. (c) Mitochondrial membrane depolarization studied by JC-1 assay. Mitochondrial membrane potential was measured by JC-1 accumulation in GSCs subjected to sFRP4 and sFRP4 and doxorubicin treatment. Combination-treated cells had the highest loss of membrane potential (lower ratio of red/green indicates loss of potential). Results are the mean ± SD of two independent experiments, each performed in triplicate (*p < 0.01, n = 3). neuronal lineage, using the neuronal marker b-III tubulin, was observed after the combination treatment (Fig. 4d) .
Apoptotic Genes Differentially Expressed and GSC Marker CD133 Decreased by sFRP4 and Doxorubicin Treatment
Analysis of proapoptosis gene transcripts (Bax, p21), b-catenin-regulated and pro-proliferation gene (CycD1), and the glioma stem cell marker (CD133) was done by semiquantitative PCR to obtain a trend (Fig. 5a) and further quantified by quantitative PCR (Fig. 5b-e) . Bax induces apoptosis with an early release of cytochrome C preceding many apoptosis-associated morphological alterations and caspase activation and subsequent substrate proteolysis (6) . It was observed that Bax clearly increased with very low expression in the untreated groups and an increase in a stepwise manner with sFRP4, doxorubicin, and combination treatment, with the latter having the highest expression levels (Fig 5b) . Expression of p21 increased in all drug treatments (Fig. 5c) . Expression of the b-catenin-regulated oncogene CycD1 decreased in sFRP4-treated, doxorubicin-treated, and combination-treated GSCs compared to the control, showing about a threefold decrease in treated samples (Fig. 5d) . Expression of the glioma stem cell marker CD133 was analyzed to determine whether the tumorinitiating population was decreased upon drug treatment. sFRP4 treatment drastically reduced CD133 expression, and combination treatment almost completely abolished its expression (Fig. 5e ). This suggests that the sFRP4 treatment is effective against the CSCs too.
DISCUSSION
In this study, we show that sFRP4, by itself and in combination with chemotherapeutics, elicits antiproliferative activity against glioma cells and GSCs. CSCs, which are analogous to normal stem cells, are a small population of cells at the origin of the tumor and are responsible for tumor growth and maintenance (7). We have recently identified CSCs from the glioma cell line U138MG, based on their ability to form neurospheres in nonadherent, serumfree conditions, high expression of CSC markers CD133 and nestin, and a high degree of chemoresistance (5). The drug-resistant nature of GSCs is partly rendered by the high expression of drug effluxing proteins, as reported in U138MG as well as other glioma cell lines (8).
The sFRP genes function as tumor suppressors, being transcriptionally silenced by DNMT-mediated demethylation (9). sFRP4 has been shown to have antiproliferative and proapoptotic roles during normal homeostasis in tissues such as ovary, corpus luteum, placenta, and mammary gland (10-12). Apoptosis was induced and proliferation was suppressed when sFRP4 expression was restored in mesothelioma cell lines (13). Conversely, in mesothelioma, inhibition of drug-induced apoptosis resulted when sFRP4 was suppressed (14). Inhibition of U138MG by sFRP4, as demonstrated in our study, further proves that sFRP4 is able to induce apoptosis. Reduction in GSC number and neurosphere formation further confirmed that sFRP4 was effective in suppressing both the tumor parenchymal cells and stem-like cells. Naturally occurring Wnt antagonists, such as Dkk, contribute to chemosensitizing tumors to therapeutics such as cisplatin in head and neck cancers (15). In this study, we observed a distinct increased response to drugs after both monolayer cells and GSCs were initially sensitized with sFRP4. This inhibition was reversed by Wnt3a, and upon sFRP4 treatment there was a subsequent decrease in b-catenin expression. We can thus infer that Wnt b-catenin signaling plays an important role in the acquisition and modulation of chemoresistance in glioma tumors and GSCs. This is the first report that demonstrates sFRP4 can sensitize GSC-enriched cells to drugs such as doxorubicin and cisplatin.
Molecular analysis of apoptosis in both normal tissue and tumors has established a positive relationship between increased expression of sFRP4 and apoptosis (16, 17) . Not many pathways have been identified so far that are functional in GSCs' resistance to apoptotic signals. We observed that the inhibition of GSC-enriched cells induced by sFRP4 and its chemosensitization to doxorubicin and cisplatin is mediated through the apoptotic pathway. This was shown by an increase in caspase-3, which plays a central role in the execution of cell apoptosis (18), overexpression of proapoptotic genes such as Bax, and reduced expression of the prosurvival gene cyclin D1. We observed a gradual increase in Bax expression on drug treatment, which peaked in sFRP4-and doxorubicintreated GSCs, showing that the priming by sFRP4 and subsequent treatment with doxorubicin activated this proapoptotic protein more than treatment with only sFRP4 or doxorubicin. In the case of CycD1 expression, all three drug treatments had a similar decrease when compared to the untreated group, suggesting that the relationship between CycD1 inhibition and Bax expression is not inversely proportional. To establish a link between Bax and p53-mediated apoptosis, we looked into the expression of p21 following drug treatment. A key downstream target of p53, the cyclin-dependent kinase (cdk) inhibitor p21 mediates both G 1 and G 2 /M phase arrest (19). The modest increase in expression of p21 in the entire drugtreated GSCs in our study indicated the role of the tumor suppressor p53 in apoptotic stress.
The reduction in proliferation of GSCs that we observed in this study, by the BrdU, caspase-3, and JC-1 assays, indicated that sFRP4 induced chemosensitization by inducing the apoptotic machinery. sFRP4 sensitization at low concentrations most likely primes proapoptotic gene expression through b-catenin-dependent pathways.
In our study, we observed that Wnt3a activates proliferation of sFRP4-, doxorubicin-, cisplatin-, and drug combination-treated GSCs. This could also be due to a hyperproliferation of the resistant cell population in addition to the inhibition of the drug. Wnt3a increases the level and nuclear translocation of FoxM1, which binds to b-catenin and promotes b-catenin nuclear localization and transcriptional activity (20) . A similar mechanism may be operational in GSCs too, which can only be confirmed by studying the induction of FoxM1 and subsequent nuclear accumulation of b-catenin. We were able to show that sFRP4 and doxorubicin combination treatment decreased sphere formation, thereby suggesting a reduction in the GSC population. Further evidence for a decrease in stemness of the GSCs was provided in the differentiation assays that showed that the combination treatment of sFRP4 and doxorubicin not only decreased proliferation from the GSC spheres but also induced neuronal differentiation. Campos et al. (21) induced differentiation of GSCs with all-trans retinoic acid and found an increase in antimigratory, antiangiogenic, and chemosensitizing effects in vitro and decreased the tumor-initiating capacity of these cells in vivo. In our study, another evidence for the reduction of GSCs was provided by a drastic decrease in the CD133 marker, especially in cells that were sensitized to sFRP4 before doxorubicin treatment. In vivo tumorigenicity assays in immunocompromised mice after drug treatment will further confirm the decrease in the tumor-initiating cell population.
To summarize, sFRP4 chemosensitized glioma cells so that the pro-oncogenic profile was reduced, neuronal differentiation was initiated, and cancer stem cell traits were decreased, which strengthens the therapeutic significance of this protein in the treatment of gliomas. Additional studies from patient-derived cancer stem cell line and in an in vivo brain tumor mouse model would confirm whether the sFRP4 by itself and with functional chemotherapeutics would abolish the CSC population and effectively reduce the tumor load to prevent the recurrence and relapse of the deadly glioma.
